The possible role of the central nervous system (CNS) in the pathogenesis of experimental atherosclerosis has received scant investigative scrutiny. Indeed, it can even be stated that the majority of investigators in the field of experimental atherosclerosis are frankly skeptical of any possible etiological relationship between dysfunction of any central neural mechanisms and peripheral atherosclerosis. Certainly in most of the recent American reviews concerned with atherosclerosis the subject of nervous factors in the etiology of atherosclerosis has either been minimized or totally neglected.
Despite this seeming exclusion of the CNS from laboratory studies of atherosclerosis by many investigators, certain experimental and clinical data make this neglect appear rather unfortunate. Myasnikov (1, 2) has demonstrated that when drugs that depress certain CNS mechanisms (e.g., barbiturates) were chronically given to cholesterolfed rabbits, these rabbits exhibited a significant decrease in hypercholesterolemia and aortic atherosclerosis. On the other hand, phenamine, a drug which excites the CNS, produced the opposite effects, increasing the hypercholesterolemia and atherosclerosis (3) . Finally, it has been reported that rats fed an atherogenic diet and exposed to a particular form of stress exhibited greater degrees of hypercholesterolemia and coronary atherosclerosis than their controls fed the same diet (4) .
Several clinical studies also strongly suggest that changes in psychological behavior influence not only the level of blood cholesterol (5-8) but also the incidence of clinically manifested coronary artery disease (9) .
If these experimental and clinical reports are valid, they force us, despite their paucity, to include the CNS in the ambit of investigation concerning the pathogenesis of atherosclerosis.
This report describes some effects of chronic minimal electrical stimulation discretely delivered to electrodes placed in the diencephalon of rabbits fed a cholesterol-rich diet. It was found that rabbits exposed to such stimulation exhibited a significantly greater degree of hyperlipemia and a much more marked atherosclerotic involvement of their aortic and coronary vasculature than did their controls.
METHODS
The present study was the result of a joinit effort by individuals of the University of Oklahoma Medical Center (C. G. G.) and of the Harold Brunn Institute, Mount Zion Hospital and Medical Center, San Francisco (M. F. and S. 0. B.). All physiological and anatomical procedures were done at the University of Oklahoma Medical Center, while all biochemical and pathological studies were carried out at the Harold Brunn Institute. In order to eliminate bias, all biochemical and pathological data were obtained, assessed and recorded blind, i.e., without knowledge of whether a given specimen was from an experimental or control animal.
Thirty-five male New Zealand white rabbits of the same age and comparable size from the same inbred herd were chosen at a large breeding farm. After an observation period of 1 month, 19 of these animals were operated upon under pentobarbital anesthesia. By means of a stereotaxic instrument (10) , electrodes were inserted into or as close as possible to the ventral medial nucleus of the hypothalamus. The electrodes were small, bipolar, concentric and insulated from each other except at the tip. The bare electrode tips were separated from each other by a distance of 1 mm. After insertion, the electrodes and their subminiature plug attachment were secured to the calvarium with dental cement. The subcutaneous tissue and skin then were closed in layers leaving the plug outside (see Figure 1) Figure 1) . The months. In this latter study, four rabbits of Series C also were bled at the same time intervals.
In the chronic experiment, as distinguished from the above acute experiments, blood samples were obtained before the beginning of the experimental period and then repeated each month, as indicated in Table I . In most cases, blood samples were analyzed for serum cholesterol (12) , phospholipid (13) , total lipid (14) , at1(d 17-hy(roxycorticosteroid (15) . The heart, total aorta and a(drenials of each animal were obtained. Thie aorta was first inspected grossly and graded 0 to + 5 (16) for its degree of atherosclerosis. In addition, an aortic segmeint of 10 cm beginninig at the semilunar valves was routinely obtained and analyzed for its cholesterol content.
Three cross sections of the heart (base, middle and apex) were obtained aind stained with Sudan IV. Then each cross section was studied as follows: the total number of large arteries (i.e., vessels exhibiting well defined adventitia, media an(d iintima) were counted; the total number exhibiting sudaniophilic iintimal hyperplasia occupying 20 per ceint or more of the lumen were also counited. The percentage of the total number of large arteries in each cross sectioni showing sudanophilia of the required degree was thein calculated. A final percentage of sudainophilia for each heart was obtained by averaging the three iindividual perceintages calculated from each of the three cross sectioins. Similar observations and calculations were ma(le of the medium-sized and small coroinary arteries enicounltered in the same three cross sections.
The adrenals were weighed. Sectioins also were obtainedl from the adrenal glands of four stimulated and tlhree nonstimulated rabbits ingesting the lipid-enriclhed diet. These were stained with both Sudan IV and hematoxylin and eosin.
All animals were housed in similar cages in the same room with the temperature controlled between 610 to 710 F. Electroenceplhalogramiis were taken mointhly of each stimiiulate(d animal. Blood pressure determinations (by direct arterial puncture) were obtaiined initially and then every mointlh of the experimental period.
Thirty-four of the 35 rabbits survived the experimeintal period of 3 months.
RESULTS
A. Loci of hypothalam1lic stimullation. Histological examination of the brains of the 14 stimulated rabbits fed the lipid-enriched diet revealed (see Table I and Figure 2 ) that the locus of the stimulating electrodes was in or near the ventral medial nuicleus hypothalamicus (VMIH) in six rabbits, the anterior hypothalamic area (AHA) in three, the lateral hypothalamic area (LHA) in two, the stupra-optictus difftisus (SOD) in two, an(d the nucleus arcuatus periventrictularis (ARC) in the remaining rabbit. Histological examiniation of the brains of the five stilmiulated rabbits fed the stock diet revealed that the locus of the stimiiulating electrodes was in the VMH in three of the rabbits; the locus in the remaining two rabbits was in the mesencephalic reticular formation (MesRF).
B. Behavioral and physiological observations during stimjtulation and thereafter. When not actually receiving stimulation, all rabbits in any of the chronically stimulated groups exhibited behavior that was identical with that of the nonoperated controls. The EEG records were in conformity with this judgment of normality of behavior between periods of stimulation, since no permanent EEG abnormality was observed in the chronically stimulated animals. The behavioral threshold to stimulation remained fairly constant for all rabbits during the total experimental period.
Nevertheless, during, and sometimes immediately after an "epoch" of stimulation marked changes in behavior could be observed in the stimulated rabbits. During stimulation almost all animals exhibited pupillary dilatation. Those rabbits whose electrodes were found embedded in the VMH, LHA or AHA exhibited rather characteristic differences in behavior from the three rabbits whose electrodes were found implanted in the SOD or ARC. The former group showed increased activity with random searching and circling in the cage; they also would display licking and chewing movements and some would ingest food avidly during and only during a phase of stimulation within an "epoch." These behavioral and gustatory changes were most marked in those animals whose electrodes were in or near the VMH. The latter group, three rabbits whose electrodes were placed in the SOD or ARC, usually displayed a decrease both in the rate and in the amplitude of respiration; moreover, they usually (but not invariably) remained totally immobile for the duration of the applied current. Rarely they also ex (SOD and ARC) .
C. Changes in blood lipids and corticosteroids after chronic and acuite hypothalainic stimulation. Despite the equivalence of age, amount of food ingested, and weight, the series of rabbits both chronically stimulated and also fed the lipidenriched diet displayed serum cholesterol, phospholipid and total lipid values that were considerably greater throughout the 3-month period than corresponding values in the nonstimulated rabbits fed the same lipid-enriched diet (see Table  I ). All increases were significant, with the p value at the 0.01 level. On the other hand, rabbits that were chronically stimulated but given only the (relatively) lipid-poor stock diet (see Table  I ) failed to exhibit any significant change in their serum cholesterol levels.
It was of interest to us that apparently the lipid increases observed in the chronically stimulated rabbits ingesting the lipid-enriched diet appeared to be about equal in all of the rabbits, regardless of the exact site of electrode insertion. Thus, the average lipid values of the six rabbits having electrodes in their VMH were about the same during the 3-month period as those of rabbits having their electrodes in the AHA, LHA or SOD. The only exception was one animal (no. 55) whose stimulation was received in the ARC area and whose lipids after 3 months were simiilar to those of the controls.
A single acute stimulation, however, whether coming after either 1 or 3 months of chronic daily stimulation, failed to provoke any acute rise in the serum lipid values, irrespective of the nature of the diet (see Table II ). Actually a slight fall usually was observed in the blood lipid values either at the 1 or 5 hour period after any particular stimulation. Since a similar slight fall also was observed in the nonstimulated controls, this may reflect a slight dilution of the plasma following the initial bleeding prior to stimulation.
The serum content of 17-hydroxycorticosteroids failed to be influenced by either chronic (see Table I ) or acute (see Table II ) stimulation in either of the two stimulated series. D. Pathological changes after chronic hypothalamic stimulation. No difference in heart size was observed in any of the three groups. However, striking differences in the degree of aortic atherosclerosis were exhibited by the chronically stimulated rabbits fed the lipid-enriched diet as compared with the atherosclerosis shown by control nonstimulated rabbits fed the same quantities of the same diet (see Table III and Figure 3 ). Thus eight of the 14 stimulated rabbits showed moderate to marked aortic atherosclerosis (grade 2 or above), whereas only two of the 15 control animals showed a similar degree of involvement (p value significant at the 0.01 level). This difference observed by gross inspection was corroborated by analysis of the aortic segments for cholesterol content. Thus the average cholesterol concentration (4.63 g per 100 g of dry weight) of the 14 aortic segments of the stimulated rabbits was over twice that (2.0 g per 100 g of dry weight) found in the control nonstimulated rabbits ingesting the samne diet (p value significant at 0.01 level). By the same token (see Table III ), a greater percentage of the coronary vasculature of the stimulated rabbits was atherosclerotic as compared with the vasculature of the control group.
A comparison of the degree of aortic atherosclerosis with the diencephalic site of electrode emplacement strongly suggests that the animals receiving stimulation in or in the vicinity of the VMH had excess aortic atherosclerosis and cholesterol infiltration. Thus the average grade of aortic atherosclerosis found in these six animals was 3.3 as compared to the grade of 2.4 for the total group of experimental animals, and the average cholesterol content of their aortic segments was 6.76 g per 100 g dry weight as compared to 4.63 g for all experimental animals and 2.0 g for the controls. The relatively small number of animals studied, however, precludes the drawing of an absolute conclusion concerning the significance of this difference.
On the other hand, as Table III indicates, stimulation of the group of five rabbits that were not fed the lipid-enriched food failed to induce either grossly observed or chemically detected atherosclerosis.
We were unable to detect any histological difference in the adrenals of either the stimulated or the unstimulated rabbits fed the lipid-enriched diet. In both groups, the adrenals (see Table III) were greatly and, on the average, equally enlarged. This increase in size and weight appeared to be due to lipid and cholesterol deposition.
DISCUSSION
The preceding data appear to indicate that rabbits fed a diet excessive in cholesterol and cottonseed oil and, in addition, receiving chronic stimulation of their diencephalon in the vicinity of the ventral medial nucleus, the lateral and the anterior hypothalamic areas, will exhibit a greater degree of chronic lipemiia and a greater degree of aortic and coronaiy atherosclerosis than their nonstimulated controls. Although we were impressed by the fact that apparently the highest degree of atherosclerosis was exhibited by the six animals that were found to have their stimulating electrodes fixed in the ventral medial nucleus, the small number of rabbits studied makes the conclusion of an association between atherosclerosis and stimiiulation of the ventral medial nucleus a tentative conclusion at best.
The mechanism(s) whereby this chronic stimulation may have brought about the observed changes in the arterial vessel walls remains to be elucidated. However, it seems clear from the above study that they were not mediated by changes in food intake, by chronic changes in blood pressure or in physical activity. Our failure to observe any change in the corticosteroid level of the serum either during the period of chronic stimulation or soon (1 to 5 hours) after acute stimulation suggests but does not prove that the adrenal glands of these rabbits did not play a very important role in the pathogenesis of the atherosclerosis found.
Perhaps the chronically sustained greater degree of lipemia observed in the stimulated animals was responsible for the more extensive aortic and coronary atherosclerosis found. Certainly this lipemia must have a significant role if only because identical hypothalamic stimulation of rabbits given ordinary rabbit laboratory chow failed to elicit any detectable change either in the blood lipids or in the arterial walls. The means whereby chronic diencephalic stimulation (under the conditions of the present study) might intensify the hyperlipemic response of rabbits fed controlled rations of lipid-enriched food also remains to be understood.
SUMMARY
Evidence has been presented consistent with the hypothesis that chronic electrical stimulation delivered to certain hypothalamic areas significantly intensifies both the rate of increase atfd the amount of hyperlipemia in rabbits fed a lipid-enriched diet. Such animals also showed a much greater atherosclerotic involvement of their aortic and coronary vasculature than did control animals given a similar diet. Those rabbits receiving stimuulation in or near the ventral medial nucleus appeared to exhibit no greater hyperlipemia but considerably more atherosclerosis than the animals stimulated elsewhere.
It is concluded that central nervous system mechanisms exist which, under certain conditions, are capable of significantly influencing arterial atherogenesis.
